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Abstract All sexually reproducing eukaryotes have a life cycle consisting of a haploid and a diploid phase, marked
by meiosis and syngamy (fertilization). Each phase is adapted to certain environmental conditions. In land plants,
the recently reconstructed phylogeny indicates that the life cycle has evolved from a condition with a dominant
free-living haploid gametophyte to one with a dominant free-living diploid sporophyte. The latter condition allows
plants to produce more genotypic diversity by harnessing the diversity-generating power of meiosis and fertilization,
and is selectively favored as more solar energy is fixed and fed into the biosystem on earth and the environment
becomes more heterogeneous entropically. Liverworts occupy an important position for understanding the origin of
the diploid generation in the life cycle of land plants. Hornworts and lycophytes represent critical extant transitional
groups in the change from the gametophyte to the sporophyte as the independent free-living generation. Seed plants,
with the most elaborate sporophyte and the most reduced gametophyte (except the megagametophyte in many
gymnosperms), have the best developed sexual reproduction system that can be matched only by mammals among
eukaryotes: an ancient and stable sex determination mechanism (heterospory) that enhances outcrossing, a highly
bimodal and skewed distribution of sperm and egg numbers, a male-driven mutation system, female specialization in
mutation selection and nourishment of the offspring, and well developed internal fertilization. The study of evolution
of the land plant life cycle requires a multidisciplinary approach that considers morphology, development, genetics,
phylogeny, ecology, and evolution in an integrated fashion, and will deepen our understanding of plant evolution.
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The life cycle of sexually reproducing eukaryotes
consists of a haploid (1N) and a diploid (2N) phase.
This basic pattern of life cycle likely occurs through-
out eukaryotes, as syngamy (fertilization) and meio-
sis probably evolved during eukaryogenesis (Egel &
Penny, 2007; Gross & Bhattacharya, 2010). During
approximately two billion years of eukaryotic evolu-
tion (Knoll et al., 2006; Payne et al., 2009), these two
phases have been targets of natural selection and con-
sequently have adopted the different size, morphology,
physiology, and temporal length seen in today’s diverse
eukaryotes.
In many “protists”, both phases are unicellular
and free-living (e.g., Chlamydomonas (Raven et al.,
2005)). In other eukaryotes, the haploid phase becomes
multicellular, sometimes with tissue differentiation and
organogenesis, and the diploid phase is a single-celled
zygote (e.g., Chara (van den Hoek et al., 1995)). In
still other eukaryotes, both haploid and diploid phases
Received: 8 February 2011 Accepted: 5 March 2012
∗ Author for correspondence. E-mail: ylqiu@umich.edu; Tel.: 1-734-764-
8279; Fax: 1-734-763-0544.
become multicellular (e.g., Selaginella (Schulz et al.,
2010)). Finally, many derived eukaryotes spend their
haploid phase in the single cell (gamete) stage whereas
their diploid phase becomes multicellular (e.g., mam-
mals). Besides size, a further complicating factor in
shaping life cycle diversity is whether one phase is nu-
tritionally dependent on the other. In large photosyn-
thetic eukaryotic lineages such as red algae, brown al-
gae, and viridiplants (green algae and embryophytes),
more than one of these life cycle types can be found
(Bold & Wynne, 1985; Bell, 1994; Graham & Wilcox,
2000a; Coelho et al., 2007; McManus & Qiu, 2008)
(Fig. 1), probably because of the diverse niches occu-
pied by members of these clades.
In this report, we first briefly review the history of
the study of life cycle and its evolution in land plants
(embryophytes). Thiswill be followed by a discussion of
adaptive advantages of haploidy and diploidy and envi-
ronmental conditions that favor each life cycle strategy.
Wewill then trace the evolutionary trend of the life cycle
in land plants using an updated phylogeny. Finally, we
will outline future directions of research that are likely
to help us gain insights into mechanistic aspects of life
cycle development and evolution in land plants.
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Fig. 1. Life cycle diversity in photosynthetic eukaryotes, mapped on a phylogeny of eukaryotes that depicts several “supergroups”. Although not
indicated, some groups are paraphyletic. Archaeplastida may not be a monophyletic group according to a recent study (Parfrey et al., 2010), but is
retained here for illustrative purposes. The phylogeny is based on recent molecular studies of relationships among major lineages of eukaryotes (Kawachi
et al., 2002; Baldauf, 2003, 2008; Andersen, 2004; Baldauf et al., 2004; Lewis & McCourt, 2004; Saunders & Hommersand, 2004; Adl et al., 2005;
Andersson et al., 2005; Keeling et al., 2005; Simpson et al., 2006; Hackett et al., 2007; Rodriguez-Ezpeleta et al., 2007; Parfrey et al., 2010). The life
cycle information was obtained from various sources (Bold & Wynne, 1985; Bell, 1994; van den Hoek et al., 1995; Kondrashov, 1997; Graham &
Wilcox, 2000a; Houdan et al., 2004). †According to one study (Adl et al., 2005), the embryophyte lineage (also known as Plantae) is grouped within
the Charophyta (Chloroplastida), as a member of the subdivision Streptophytina. Depicted here is a lineage labeled charophytic algae, representing all
of the algal lineages within the Charophyta, and embryophytes are illustrated separately for the purpose of this review. ∗Groups with plastids of primary
endosymbiotic origins. ∗∗Groups with plastids of secondary endosymbiotic origins. ∗∗∗Groups with plastids of tertiary endosymbiotic origins. ♦Groups
with plastids lost. ?Three lineages that do not group within any of the other “supergroups”. SAR, stramenopiles, alveolates, Rhizaria.
1 Brief history
More than 150 years ago, it was discovered that all
land plants shared a life cycle with two alternate mul-
ticellular generations (Hofmeister, 1851, 1862). This
discovery was made on the backdrop of naturalists de-
scribing life histories of plants and animals (Sars, 1837,
1840; Steenstrup, 1842, 1845) (also see (Rinard, 1981)).
One generation, the sporophytic one, was soon recog-
nized to be phylogenetically newly arisen and deemed
to be antithetic to the original, gametophytic, one, as
it shows a different morphology, carries out different
functions, and obeys different growth laws under envi-
ronmental selection pressure (Cˇelakovsky, 1874). Even
though the entire process of sexual reproduction was
not completely understood at the time, the role of sex-
ual reproduction in formation of the sporophyte to com-
pensate for the defective effect of some traits inherited
over time, now understood to be due to accumulated
deleterious mutations (Kondrashov, 1988), was astutely
recognized by Cˇelakovsky (1874). For sexual reproduc-
tion, only fertilization, and not meiosis, was known, and
discovery of the latter happened almost 10 years later
(Van Beneden, 1883). In opposition to the antithetic
hypothesis, supporters of the homologous hypothesis
contended that the two generations were homologous to
each other and that the nutritionally dependent diploid
generation in bryophytes (a paraphyletic group in-
cluding liverworts, mosses, and hornworts) represented
an evolutionary reduction that occurred when algal
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ancestors with an alternation of isomorphic generations
colonized land (Pringsheim, 1878). Discovery of dou-
bling of the chromosome number in the sporophyte as
opposed to the chromosome number in the gameto-
phyte was a watershed event in the study of alterna-
tion of generations in plants (Guignard, 1885; Overton,
1893; Strasburger, 1894), and revealed the previously
unrecognized difference between the two generations
at the cytological level. Until then, the exact nature of
and differences between the two generations had been
contentiously debated by adherents of the two hypothe-
ses. In fact, such was the confused state of affairs that
alternation of generations of plants, algae, and fungi
was mixed up with metamorphosis in animal develop-
ment, which does not involve any chromosome num-
ber change (Rinard, 1981). Despite recognition that the
sporophyte represents an evolutionarily new generation
(Cˇelakovsky, 1874), it was only 25 years later that a
mechanism was proposed to explain how it came about:
the delay of meiosis (Bower, 1908). However, an unsat-
isfactory explanation was given by Bower for why delay
of meiosis was favored when green algal ancestors of
plants colonized land, that is, to produce a large num-
ber of spores to ensure enough fertilization events in a
water-deficient environment. Thiswas because floridean
red algae, which are all marine, also evolved elaborate
multicellular carposporophyte and tetrasporophyte gen-
erations (Yamanouchi, 1906a, 1906b; Svedelius, 1927)
(Fig. 1). Svedelius (1927) cited the fact that meio-
sis allowed production of genetically variable gametes
through independent assortment as the reason why its
delay was selected for during evolution of the sporo-
phyte generation in fungi, algae, and plants, because a
large multicellular sporophyte could afford a large num-
ber of meiocytes. Two points should be added here, one
being that the author did not mention recombination,
the importance of which was suggested decades later
(Grant, 1963), and the other being that the author was
not able to explain why the red algae needed to delay
meiosis in an aquatic environment. This latter point was
made somewhat clearer 50 years later, as delay of meio-
sis was proposed to compensate for loss of the flagella
in the male gamete (Searles, 1980). A further expla-
nation is suggested here: union of non-motile gametes
facilitated by ocean currents is beneficial in preventing
inbreeding (outcrossing might have contributed to the
large diversity of red algae in modern oceans). Besides
the red algal life history, another piece of evidence that is
less consistent with Bower’s (1908, 1935) idea than the
genetic explanation comes from the relative sequence of
mitosis and meiosis during sporogenesis in land plants.
In all land plants many mitotic divisions occur before,
not after, meiosis, which suggests that it was the ge-
netic diversity, rather than the mere number of spores
(and therefore gametes), that was the target of natural
selection. If the latter were true, one would expect a
random distribution of mitosis before or after meiosis
in red algae and land plants. Apart from this weakness,
Bower’s (1908, 1935) work brought the antithetic hy-
pothesis from its prototype developed by Cˇelakovsky
(1874) to its modern form, which explains the origin
and evolution of land plants as well as evolution of the
life cycle in land plants.
2 Haploidy or diploidy, which is better?
Because derived lineages of eukaryotes, in par-
ticular those large, multicellular, and terrestrial clades
such as plants, animals, and fungi, exhibit a life cy-
cle with a dominant diploid (or dikaryotic in the case
of fungi) generation (Coelho et al., 2007; McManus &
Qiu, 2008) (Fig. 1), it is generally believed that diploidy
has been favored during evolution of eukaryotes (Per-
rot et al., 1991). However, the fundamental question of
whether haploidy or diploidy is advantageous has not
been definitively answered (Kondrashov&Crow, 1991).
We emphasize here that unless the environment is con-
sidered, this is a moot question. Below we will discuss
relative advantages of haploidy and diploidy under dif-
ferent selection pressures, and also describe some envi-
ronmental conditions under which each ploidy level is
favored.
2.1 Haploidy
It is widely assumed that life originated as hap-
loid organisms and existed in that condition for over a
billion years, as all prokaryotes are effectively haploid.
Further, eukaryotes existed with a haploid generation-
dominated life cycle for quite some time before a diploid
generation-dominated life cycle appeared. This pattern
is probably most evident in photosynthetic eukaryotes,
where overlaying diverse life cycles of major lineages
onto the phylogeny (Adl et al., 2005; Keeling et al.,
2005; Baldauf, 2008; Parfrey et al., 2010) clearly shows
an evolutionary trend of the dominant generation pro-
ceeding from haploidy to diploidy, but the haploid
generation-dominated life cycle is still found in many,
particularly basal, lineages of different algal groups
(McManus & Qiu, 2008) (Fig. 1). What should be em-
phasized in the context of this article is that bryophytes,
with a dominant haploid generation, may have domi-
nated the terrestrial vegetation for perhaps as long as one
hundred million years before vascular plants evolved
(Strother et al., 2004), and even today are still very
successful in certain niches (Schuster, 1966; Crum &
C© 2012 Institute of Botany, Chinese Academy of Sciences
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Anderson, 1981). Hence, the question is not whether
haploidy has any adaptive advantage, but rather in what
environment (Mable & Otto, 1998).
Several authors have suggested advantages of hap-
loidy from various perspectives. One of the first ob-
servations was that cells with less DNA are smaller,
grow faster, and have a shorter cell cycle. Organisms of
this type are under r-selection (Cavalier-Smith, 1978),
which occurs in populations that are relatively free
of density-dependent restraint (MacArthur & Wilson,
1967). This idea seems to explain why most unicellu-
lar eukaryotes (protists) live in aquatic environments
where nutrient (CO2, O2, organic carbon, and min-
eral nutrients) supply is limited and spend most of
their life cycle in the haploid stage. From an ecolog-
ical perspective, Lewis (1985) proposed a “nutrient-
sparing hypothesis”, which states that the higher sur-
face area:volume ratio in haploids facilitates greater
transport of nutrients and thus confers an advantage
in nutrient-limited environments. In addition, the nu-
trients saved by maintaining half as much DNA would
allow the organism to grow more quickly. This effect
would be magnified in autotrophs, where the collection
of energy is dependent on the collection of nutrients,
so nutrients (such as phosphorous and nitrogen, which
are needed to duplicate DNA) may be the limiting fac-
tor in cell growth (Lewis, 1985). Bryophytes are pio-
neering plants both historically and in today’s environ-
ments, and they growmostly in nutrient-limited habitats
(Schuster, 1966; Crum & Anderson, 1981; Schuster,
1992a, 1992b). This ecological hypothesis is largely
consistent with empirical observation.
Genetically, a haploid dominant generation offers
a major advantage of eliminating deleterious mutations
from the genome because all genes in the genome are
under environmental selection during the haploid gen-
eration (Otto & Marks, 1996). Experimental tests in
Saccharomyces cerevisiae have shown that haploid pop-
ulations adapt faster than diploid ones when popula-
tion size is large (Zeyl et al., 2003). This advantage
partly explains why during the colonization of land by
plants, bryophytes, which have a dominant haploid gen-
eration, occupy transitional niches better than most vas-
cular plants, which have a dominant diploid generation.
Nevertheless, eliminating deleterious alleles from the
genome during the haploid generation is a double-edged
sword, and it may have been responsible for the small
genome size in bryophytes (Leitch et al., 2005), which
naturally limits their evolutionary potential. After all,
a deleterious allele may turn out to be beneficial when
time and environment change.
Another potential advantage of haploidy, in the
context of this article, is an extension of the benefit
of the size limitation imposed on cell and organism by
haploidy (Cavalier-Smith, 1978), which has a particular
implication in early land plants. Because fertilization
in bryophytes and pteridophytes (also a paraphyletic
group that includes lycophytes and monilophytes) is ex-
ternal and dependent on environmental water, the small
size of their gametophyte offers a major advantage to
sexual reproduction in suitable environments. All these
basal land plants have flagellated sperm, which fertil-
izes the egg by swimming through a layer of water on
the plant surface. When plant size is small and the sur-
face area:volume ratio is large, it is relatively easy to
form the required water layer, whether the water comes
from raindrops or condensation, the latter being more
easily realized in the narrow layer of atmosphere right
above the ground because of the unique microclimate
(McManus & Qiu, 2010). This particular piece of or-
ganismal natural history reflects an interplay of gen-
eral rules of morphology, development, geometry, and
physics and indicates how different selection pressures
interact to define a particular niche space.
2.2 Diploidy
An often-cited advantage of diploidy is the abil-
ity of heterozygous diploids to “mask” recessive alleles
through interaction of dominant and recessive alleles
(Crow & Kimura, 1965). The evolutionary dynamics
of carrying a silenced mutational load fits with the no-
tion of diploids being better suited for heterogeneous
environments than haploids. Silenced alleles in diploids
also have an advantage in their ability to mutate rela-
tively free of selective pressure, giving diploids a kind
of genetic bank of possibly beneficial alleles to be se-
lected according to environmental circumstances. They
can then become new beneficial genes through gene du-
plication, whereas in haploids gene duplication would
have to occur before one copy of a gene could mu-
tate through a deleterious intermediate stage to neo-
functionalize (Lewis & Wolpert, 1979; Mable & Otto,
1998). For this reason, beneficial mutationsmay be fixed
faster in diploids, a conjecture that has received some
experimental support (Paquin & Adams, 1983). This
diploid masking ability may be especially advantageous
for large, multicellular organisms, which undergo many
mitotic divisions and thus have a high likelihood of car-
rying deleterious recessive somatic mutations in some
cells (Orr, 1995). It is also likely to be beneficial to or-
ganisms living in more mutagenic environments, such
as under increased UV light, for the same reason. This
is especially important for land plants, which made the
transition from haploid to diploid dominance as they
became better adapted to the terrestrial environment
(McManus & Qiu, 2008). In these respects, which are
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like many other selection pressures on life cycle evolu-
tion, diploidy is favored in multicellular organisms that
live in terrestrial habitats.
The second advantage of diploidy, which was first
suggested almost a century ago (Svedelius, 1927) but
was rarely mentioned in the literature until recently
(Grant, 1963; Searles, 1980; McManus & Qiu, 2008;
Qiu, 2008), is that it allows the potential of the meiosis–
syngamy reproductive system of eukaryotes for pro-
ducing genetic diversity to be fully realized through
recombination, independent assortment, and random
union of gametes (or outcrossing). Only in a diploid
cell can meiosis occur, and when the diploid organism
becomes multicellular and the number of meiocytes in-
creases, this potential is greatly increased (Svedelius,
1927; Grant, 1963). It is for this reason that the ori-
gin of eukaryotic sex has been deemed to be one of
the major transitions in evolution (Maynard Smith &
Szathmary, 1995). Diploidy is a necessary precondition
for evolution of complex heterospory-mediated repro-
ductive systems in derived lineages of land plants, which
are discussed later in this report.
The third advantage of diploidy, related to its cou-
pled emergence with meiosis during the origin of eu-
karyotes, is that it allows genome duplication through
abnormal meiotic cell division. Genome duplication is
now recognized as a major mechanism for generating
evolutionary novelties (Ohno, 1970). When the diploid
phase of an organism becomes multicellular and a large
number of meiocytes can be afforded, the chance of
genome duplication is significantly increased. In land
plants, genome size increased by leaps and bounds af-
ter the diploid generation became dominant in the life
cycle (Leitch et al., 2005). The size and complexity of
plants also increased dramatically. In this context, it is
worth mentioning that there is simply no large exclu-
sively haploid organism.
The fourth advantage of diploidy, which is not com-
pletely understood, concerns heterosis (or hybrid vigor)
(Lewis &Wolpert, 1979; Maynard Smith & Szathmary,
1995). Heterosis involves interaction of alleles from
somewhat diverged parents and can occur only in the
diploid phase of an organism. Given the widespread
existence of polymorphism in nature and incomplete
reproductive isolation of many species, heterosis might
play a larger than expected role in intraspecific and in-
terspecific competition.
Finally, diploidy may confer adaptive advantages
to the host in evolution of the immune system as biotic
interactions become more complex with continuous in-
crease of biodiversity. Land plants took on an increas-
ing pathogen load as they began to grow larger and live
longer in an environment shared by more biotic part-
ners, necessitating a stronger immune system capable
of defending against more bacterial, fungal, and other
parasites and distinguishing pathogens from beneficial
symbionts, which seem to have played an important role
in colonization of land by plants (Wang et al., 2010).
Diploidy again confers an advantage here, as heterozy-
gosity in genes encoding recognition proteins allows
the organism to recognize a wider range of pathogens.
Plant innate immune systems recognize pathogens with
a two-pronged approach: pattern recognition recep-
tors (PRRs) recognize structural elements of pathogens,
and resistance (R) proteins recognize specific effector
molecules used by pathogens to disrupt plant cell pro-
cesses (Jones & Dangl, 2006). The PRRs specifically
bind to highly conserved pathogen-associated molecu-
lar patterns, which are essential structural features of
the pathogen such as flagellin or peptidoglycan (Zipfel,
2008). The R proteins detect either pathogenic effec-
tor molecules themselves or self-molecules modified
by effectors (Jones & Dangl, 2006). These effector
molecules, sometimes called virulence factors, are usu-
ally associated with pathogenicity and are not essential
to the pathogen, so they can evolve more quickly than
pathogen-associated molecular patterns.
Heterozygous diploids are able to express two dif-
ferent recognition proteins at each locus, and so poten-
tially double the PRR and R proteins available to recog-
nize pathogens (Nuismer & Otto, 2004). This enhanced
detection may also aid in the discrimination between
parasites and beneficial symbionts, especially when the
two are closely related, or even switch between roles
(Wang et al., 2010). Diploidy may be particularly im-
portant for the success of the R proteins that recognize
fast-evolving effectormolecules, and indeedRgenes are
highly polymorphic (Dangl & Jones, 2001). Plants must
engage in Red Queen dynamics with pathogens whose
generation times are orders of magnitude shorter, so
perhaps harboring alternate alleles of these genes allows
them greater coverage of the potential phenospace of ef-
fectors. These immunity-related advantages of diploidy
apply not only to plants but also to all organisms likely
to be host to parasites, that is, long-lived, multicellu-
lar organisms that compose the main diploid clades of
eukaryotes. The high rate of polymorphisms in host
immune systems, whether adaptive (Messaoudi et al.,
2002) or innate (Lazarus et al., 2002), shows the advan-
tage to hosts of producing a wide array of recognition
molecules.
2.3 Environments in which haploidy or diploidy is
favored
The above discussion of characteristics and advan-
tages of haploidy and diploidy already alluded to some
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environmental conditions under which each condition
is selected for. In general, haploidy seems to prevail in
a homogeneous, nutrient/energy-limited environment.
Aquatic habitats in the first one to two billion years of
life’s existence on earth seem to meet this description,
as not enough solar energy had been fixed by photo-
synthesis (Kaufman & Xiao, 2003) and most mineral
nutrients remained locked in the land crust (Schwartz-
man & Volk, 1989; Algeo et al., 2001). Prokaryotes
and unicellular eukaryotes, presumably with haploidy-
dominant life cycles, were indeed the main inhabitants
of the earth during this period (Knoll, 2003).
Diploidy, given its innate ability to allow organisms
to deal with variable environmental conditions and its
potential to produce genetic diversity and evolutionary
novelties in both short and long terms, is favored in a
heterogeneous, nutrient-rich, and high energy environ-
ment. Colonization of the land by plants and other or-
ganisms during the early Phanerozoic Eon dramatically
accelerated creation of this type of environment, as the
rates of photosynthesis (Berner, 2001;Kaufman&Xiao,
2003) and rock weathering (Algeo et al., 2001) both in-
creased significantly. The latter process not only affected
the terrestrial ecosystem but also greatly enriched lakes
and oceans through runoff and thereby changed envi-
ronments for freshwater and marine organisms (Algeo
et al., 2001), which might have spurred secondary and
tertiary radiations of green, red, brown, and other algae
and contributed to origins of the lineages that exhibit
diploid generation-dominant life cycles (Fig. 1). The
age of floridean red algae estimated from molecular
data, around 580 million years, seems to be consistent
with this idea (Yoon et al., 2004).Aquatic habitats before
and after the origin of the land plant-initiated biosystem
differ mainly in nutrient and energy levels. However,
the terrestrial environment since the beginning of the
Phanerozoic Eon almost certainly encountered another
dimension of complexity: increased intensity of interac-
tion among organisms. This is because the lower density
of the physical medium, air, makes it much easier for
organisms to interact with each other on land than in
water. Recently, it has been suggested that life on earth
entered into a period of “escalatory coevolution” since
the Ediacaran as eumetazoans entered into the race,
which fundamentally altered rules of the game in ecol-
ogy through their invention of multitrophic food webs,
large body size, life history trade-offs, ecological suc-
cession, biogeography, and major increases in standing
biomass (Butterfield, 2007). Although this idea is ap-
preciated, it is argued here that the triggering event was
not the emergence of eumetazoans, but colonization of
the land by one group of photosynthetic eukaryotes,
namely plants, that changed the dynamics and rate of
carbon cycling and energy flow on earth through their
greatly increased photosynthetic capability. In addition,
the highlymutagenic environment on land, caused by the
high intensity of UV, selected for organisms that could
deal with mutation pressure (throughmasking of delete-
rious alleles by dominance–recessiveness interaction).
The three-phase physical environment on land (above-
ground air, gas; soil, solid; and underground water, liq-
uid), as opposed to the single-phase aquatic environment
(except at the bottom), also created a higher dimensional
and expanded phenospace, which would favor organ-
isms that could generate more genotypic diversity. As
discussed above, an extended diploid phase in the life
cycle, which can afford a large number of meiocytes,
seems to be the ontogenetic strategy to meet these envi-
ronmental challenges. Finally, we wish to point out here
that as more solar energy is retained on earth through
photosynthesis, the environment becomes more hetero-
geneous entropically. The organisms that can generate
more genetic diversity, both at the genome level by all
kinds of mutations and during the expression of ge-
netic information at the phenetic level through life cycle
alterations and other developmental pathways, will be
selected for in the new environment.
Although the above discussion of environmental
conditions that favored haploidy and diploidy was from
a macroevolutionary perspective, we wish to emphasize
that the modern distribution of these two fundamental
types of environments is heterogeneous both spatially
and temporally, providing a fertile ground for microevo-
lutionists to investigate the mechanisms and processes
by which each genetic condition adapts to its respective
environment. Even though the environment on earth un-
doubtedly evolves toward a direction of higher energy
andmore nutrients (unleashed from the terrestrial crust),
the ancestral type of environment that was once more
widespread when life was dominantly haploid has by
no means disappeared. It not only persists but is also
mixed with the derived type of environment that favors
diploidy to create hybrid types, allowing evolution of
organisms with diverse life cycle strategies as seen in
modern eukaryotes (Fig. 1).
One case study of the life cycle in such hybrid
environments on a microevolutionary scale has been
provided recently by Frada et al. (2008). In the coccol-
ithophore Emiliana huxleyi, a prymnesiophyte, differ-
ent stages of the life cycle have allowed the organism
to defend against viral attacks. The species is globally
important in the carbon and calcium cycling, and under-
goes large “blooms” in which the population spikes and
then is decimated by viral epidemics. Originally, these
viral epidemics were thought to follow Red Queen, kill-
the-winner, dynamics. However, the same genotypes are
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observed following these massive die-offs. Experimen-
tation revealed that the species uses a life cycle-based
defense strategy against the virus by retreating to a non-
calcified haploid stage that the virus cannot recognize
when it is present. This allows for selection of a diploid
stage of the species to maximize its fitness in other evo-
lutionary directions, such as metabolic optimization,
rather than forcing the organism to enter classic Red
Queen dynamics and become beholden to evolving de-
fense against the virus at the expense of other fitness
considerations (Frada et al., 2008).
3 Phylogeny
Inference of macroevolutionary patterns is depen-
dent on phylogeny. In the earliest studies of life cycle
evolution in land plants, a crude phylogeny of green
algae and plants was used (Cˇelakovsky, 1874; Bower,
1890). Today we have much better knowledge of plant
phylogeny, thanks to clarification ofmany conceptual is-
sues in evolutionary biology and phylogenetic inference
by cladistics (Hennig, 1966) and computational analyses
of a massive amount of morphological and molecular
data. Below we will briefly review current knowledge
of the phylogeny of charophytes (a paraphyletic group
that contains various green algal lineages, as discussed
below) and land plants, with a focus on aspects relevant
to understanding evolution of the life cycle.
Although green algae, specifically Coleochaete,
were used to infer the ancestral condition of the land
plant life cycle in the two prominent early studies
(Cˇelakovsky, 1874; Bower, 1890) that formulated the
antithetic hypothesis of origin of the sporophyte gen-
eration, it was not until the 1960s–70s that discov-
ery of the phragmoplast, glycolate oxidase, and simi-
lar microtubular cytoskeletons of the spermatozoids or
motile cells in some charophytic algae and land plants
firmly established that these green algae represented
the closest algal relatives of land plants (Pickett-Heaps,
1967, 1975; Stewart & Mattox, 1975). A specific clade
of green plants, streptophytes, was identified (Jeffrey,
1967, 1982; Bremer &Wanntorp, 1981; Bremer, 1985),
which now includes Mesostigma (Rogers et al., 1981;
Melkonian, 1989; Lemieux et al., 2007), Chlorokybus
(Rogers et al., 1980), Klebsormidiales (Floyd et al.,
1972; Pickett-Heaps, 1972), Zygnematales (Fowke &
Pickett-Heaps, 1969), Coleochaetales (Marchant &
Pickett-Heaps, 1973), Charales (Pickett-Heaps, 1967),
and embryophytes. More recent phylogenetic analyses
of molecular and morphological data have confirmed
this result (Manhart & Palmer, 1990; Graham et al.,
1991; Karol et al., 2001; Turmel et al., 2007; Finet et al.,
2010; Wodniok et al., 2011). Further, several analyses
indicate that Charales are sister to land plants (Karol
et al., 2001; Qiu et al., 2006, 2007), although there is
still some controversy on this issue (Graham et al., 1991;
Turmel et al., 2007; Finet et al., 2010; Wodniok et al.,
2011).
The monophyly of land plants was only implic-
itly assumed in early studies of life cycle evolution by
the antithetic school (Cˇelakovsky, 1874; Bower, 1890,
1908, 1935; Campbell, 1903, 1924; Smith, 1955), as
evolutionary thinking in those days was not anywhere
nearly as rigorous as today. However, Campbell (1903),
in refuting the homologous hypothesis of alternation of
generations, did list a number of features in archego-
nium structure/development and spore production that
suggested a common origin of bryophytes, pterido-
phytes, and seed plants. The first explicit test of land
plant monophyly came in the wave of cladistic analy-
sis of morphological characters (Parenti, 1980; Mish-
ler & Churchill, 1984; Kenrick & Crane, 1997), and
the same result has been obtained by recent molecu-
lar phylogenetic analyses (Qiu et al., 2006, 2007; Finet
et al., 2010). One particular question on relationships
among basal land plants is critical for resolving the
debate between antithetic and homologous hypotheses:
whether bryophytes are a monophyletic or paraphyletic
group. Both morphological (Parenti, 1980; Mishler &
Churchill, 1984; Kenrick &Crane, 1997) andmolecular
(Qiu et al., 1998, 2006) studies have shown that para-
phyly is more likely to be the correct hypothesis, even
though a few studies have recovered a monophyletic
group of bryophytes that is sister to vascular plants
(Nishiyama et al., 2004; Goremykin & Hellwig, 2005;
Finet et al., 2010;Wodniok et al., 2011). This latter result
is likely an analytical artifact of unbalanced sampling of
characters versus taxa, a common problem in phyloge-
nomic analyses (Heath et al., 2008). Recently, another
piece of phylogenetic evidence critical to solving the
puzzle of alternation of generations in early land plants
was recovered in several comparative structural studies
(Frey et al., 2001; Carafa et al., 2005) and molecular
phylogenetic analyses (Samigullin et al., 2002; Kelch
et al., 2004; Groth-Malonek et al., 2005; Wolf et al.,
2005; Qiu et al., 2006, 2007): hornworts were shown
to be sister to vascular plants. This relationship was
suggested more than a century ago (Campbell, 1895,
1903, 1924) and an elaborate evolutionary developmen-
tal scheme was even proposed for how a matrotrophic
sporophyte in bryophytes made the transition to a free-
living one in vascular plants (Smith, 1955), but these
ideas were largely forgotten in recent literature, even
though one of the first morphological cladistic studies
recovered the topology (Parenti, 1980).
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How relationships among basal lineages of vascu-
lar plants are resolved directly impacts interpretation of
patterns and evolution of life cycle after the sporophyte
changed from matrotrophic to free-living. One particu-
lar issue concerns the positions of Psilotaceae and lyco-
phytes, that is, which group represents the sister group to
all other extant vascular plants. Because Psilotaceae lack
roots and have sporangia located at the ends of shortened
axes, these superficial similarities to extinct early vas-
cular plants (psilophytes and rhyniophytes) led some to
believe that this group represents the oldest living vascu-
lar plant lineage (Parenti, 1980; Bremer, 1985) (also see
Gifford & Foster, 1989). This topology would have pro-
found implications on how the sporophyte gained the
free-living status, how the sporangium and the struc-
ture bearing it evolved, and how the leaf evolved. One
morphological study concluded that Psilotaceae were a
member of the true ferns and not relicts of the oldest
vascular plants (Bierhorst, 1968). Later, discovery of a
rare rearrangement in the chloroplast genome shared by
all extant vascular plants except lycophytes showed that
it was lycophytes, not Psilotaceae, that occupied the key
position of the sister group to all other extant vascu-
lar plants (Raubeson & Jansen, 1992). Further molecu-
lar phylogenetic analyses uncovered more evidence that
supported placement of Psilotaceae, along with Equi-
setum, with ferns (Pryer et al., 2001; Qiu et al., 2006),
with these groups forming a clade suggested earlier by
a morphological cladistic analysis, monilophytes (Ken-
rick & Crane, 1997). Finally, this clade of monilophytes
was shown to be sister to seed plants (Kenrick & Crane,
1997; Pryer et al., 2001; Qiu et al., 2006).
4 Evolution of the life cycle in land plants
It has been suggested that the life cycle is the cen-
tral unit in biology and thus much of evolution can
be viewed as the alteration of life cycles through time
(Bonner, 1965). When the diverse life cycles of charo-
phytic algae (van den Hoek et al., 1995) and land plants
(Smith, 1955; Gifford & Foster, 1989; Crum, 2001;
Raven et al., 2005) are overlaid on the current phy-
logeny, it becomes clear that the origin and evolution
of land plants were essentially a process of expansion
of the diploid phase from a single cell (as in Charales
and other charophytic algae, but see a recent discussion
on this topic elsewhere (Haig, 2010)) to a large free-
living organism (as in vascular plants), accompanied
by reduction of the haploid phase from bryophytes, to
pteridophytes, and to seed plants (Fig. 2). At an early
stage in land colonization by plants, the haploid phase
did experience some degree of elaboration, to the point
that several extinct stem relatives of vascular plants pos-
sessed well developed and complex diploid and haploid
phases (Remy et al., 1993; Kenrick, 1994, 2000; Taylor
et al., 2005;Gerrienne&Gonez, 2011), perhaps because
the environment was more favorable for plants with a
haploid phase-dominant life cycle. Below we will dis-
cuss several aspects of life cycle evolution that underlie
major transitions in land plant evolution.
4.1 Origin of the diploid generation
One of the most important events in the evolution
of photosynthetic life and life in general is the origin of
land plants. It is probably no coincidence that such an
event involved alteration of one of themost fundamental
processes in biology, cell division, which through mu-
tations led to a transition from uni- to multicellularity.
Further, this seemingly simple transition was built upon
another major innovation of eukaryotes, meiotic sex
(meiosis and syngamy) (Maynard Smith & Szathmary,
1995), as in this case it happened at the diploid level.
In streptophytes the uni- to multicellularity transition
had happened once at the haploid level during an earlier
stage, soon after emergence of the group (Qiu, 2008).
An evolutionary explanation for such a transition was
offered by Svedelius nearly a century ago (Svedelius,
1921, 1927), to exploit the potential of meiosis for gen-
erating genetic diversity. Organisms having more than
one meiocyte per zygote (e.g., land plants) can outcom-
pete those that have only one meiocyte, which is identi-
cal to the zygote (e.g., Charales), in a heterogeneous en-
vironment, because more genetically diverse offspring
can be produced. By contrast, Bower’s explanation that
more spores are produced by a large sporophyte to en-
sure enough fertilization events in order for organisms
to escape competition in water and survive/flourish on
land (Bower, 1890, 1908, 1935) is of secondary im-
portance, despite the fact that he was the first to ex-
plicitly suggest that the origin of the diploid generation
in land plants was due to a delay of meiosis (Bower,
1908). It should be added here that Cˇelakovsky’s (1874)
thinking on this question was insightful even though a
complete understanding of sexual reproduction had not
been achieved at the time—meiosis had not yet been
discovered (Van Beneden, 1883) and only fertilization
was known. In formulating his antithetic hypothesis,
Cˇelakovsky (1874) rightly recognized that sexual re-
production, as an advantageous means of regeneration
of the species, compensated the defective effects ac-
cumulated during an individual’s struggle for existence
by bringing in relevant similar material of another par-
ent. It was from this perspective that he astutely recog-
nized the antithetic nature of the evolutionarily newly
arisen sporophyte generation relative to the pre-existing
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Fig. 2. Evolutionary trends of size and nutritional mode of the diploid and haploid phases and sporocyte (meiocyte) number per sporangium in land
plants. The phylogeny is based on information reviewed in Qiu (2008). The information on cell numbers of sporophytes and gametophytes and sporocyte
number was obtained as follows: bryophytes (Kreulen, 1972; Longton & Schuster, 1983); pteridophytes (Bower, 1897, 1900; Smith, 1900; Parkinson,
1987; Gifford & Foster, 1989); gymnosperms (Smith, 1907; Chamberlain, 1909; Singh, 1978; Gifford & Foster, 1989); and angiosperms (Walter, 1983;
Gifford & Foster, 1989; Johri et al., 1992). The cell numbers in the large sporophytes of vascular plants represent a gross estimation. In vascular plants,
the number of sporangia is more than one per sporophyte and fluctuates significantly as a function of the sporophyte size and physiological condition.
For perennial species, the duration of reproductive length (more than 1 year) needs to be considered. ∗In angiosperm and gymnosperm gametophytes,
the number of nuclei is counted, as the gametophytes are not always cellularized. ∗∗The sporocyte number per sporangium reflects both hetero- and
homosporous conditions in lycophytes (Isoetes has ∼50 meiocytes per megasporangium (Smith, 1900)) and monilophytes.
gametophyte generation. We now know that sexual
reproduction involves meiosis and fertilization, and
through both processes parental traits are mixed through
recombination, independent assortment, and random
union of gametes (Kondrashov, 1988;Maynard Smith &
Szathmary, 1995).
The general significance of this post-zygotic in-
crease in diploid cell number during colonization of the
land by plants can perhaps be better appreciated when a
broader perspective is taken. In fungal evolution, which
shows some parallelisms to plant evolution in features
such as immobility, spore production, and alternation of
generations, colonization of the land was soon followed
by a uni- to multicellularity transition at the diploid (ac-
tually dikaryotic) level when their life cycle diversity
(Alexopoulos et al., 1996) is overlaid on the recently
published molecular phylogeny (James et al., 2006). As
plants, fungi, and animals constitute the three large mul-
ticellular eukaryote lineages that are mainly responsible
for establishing the terrestrial ecosystem and animals
were already diploid before coming onto land, it is per-
haps safe to say that the trend shown by two of the three
lineages during terrestrialization is a result of strong
selective pressure rather than coincidence.
4.2 Diploid structure in bryophytes: What is it?
Once plants “set foot” on land and the diploid gen-
eration appeared, the challenge became to make the
matrotrophic “sporophyte” free-living, as the haploid
generation seems to be less fit to the heterogeneous land
environment than the diploid one, as discussed above.
In bryophytes, there has been some confusion about
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what the diploid structure really corresponds to. In most
modern literature, from cladistic analyses of morpho-
logical characters (Mishler & Churchill, 1984, 1985;
Kenrick & Crane, 1997) to commonly used textbooks
(Raven et al., 2005), it has been regarded as a sporo-
phyte, an unbranched sporophytic plant with a single
sporangium (Mishler & Churchill, 1984). Recently, this
interpretation has been challenged. It has been argued
that the diploid structure in bryophytes merely repre-
sents a sporogonium, that is, a footed sporangium, with
the seta being a sporangium stalk, and that the shoot
of a vascular plant, or more precisely a polysporangio-
phyte (sensu Bower, 1908; Kenrick & Crane, 1997), is
a novel vegetative organ interpolated into the life cy-
cle (Kato & Akiyama, 2005). In genetic mutants of
moss Physcomitrella patens that had two sporangia on
a sporophyte, no organ other than the sporangium and
seta developed (Tanahashi et al., 2005). In older liter-
ature, a sporogonium is in fact what this structure was
called (Cˇelakovsky, 1874; Bower, 1890, 1908, 1935;
Campbell, 1895; Svedelius, 1927). The placement of
hornworts, not mosses, as the sister group to vascular
plants by recent comparative structural studies (Frey
et al., 2001; Carafa et al., 2005) and molecular phylo-
genetic analyses (Samigullin et al., 2002; Kelch et al.,
2004; Groth-Malonek et al., 2005;Wolf et al., 2005; Qiu
et al., 2006) now casts doubt on a homology between
conducting tissues in the seta of a moss and vascular tis-
sues in the stem of a polysporangiophyte suggested by
morphological cladistic studies (Mishler & Churchill,
1984), lending support to the sporogonium interpreta-
tion.
It may also be helpful to look at meristems involved
in producing the diploid structures in bryophytes and
vascular plants. In vascular plants, shoot and root apical
meristems are essentially required for development of a
vertical axis that is perpendicular to the ground surface
and also bears lateral photosynthetic organs (leaves)
and reproductive structures (sporangia) (Cooke et al.,
2004), although some early vascular plants lacked leaves
and their sporangia were terminal. The latter two types
of organs are produced by the shoot apical meristem.
The shoot and root apical meristems basically consist
of a group of pluripotent cells that show either neg-
ative or positive gravitropic response (Qiu, 2008). In
bryophytes, however, the root apical meristem is clearly
lacking, as the diploid phase is matrotrophic on the ga-
metophyte (Graham &Wilcox, 2000b). A “shoot apical
meristem” is present, but is it equivalent or homolo-
gous to the shoot apical meristem in vascular plants? It
produces only a seta and a sporangium, except in a few
groups such as Sphagnum andArchidium, where the seta
is lacking (Crum, 2001). Further, its negative gravitropic
response is far from being universally established as in
vascular plants. Inmany complex thalloid liverworts and
Blasia, the sporogonium grows downward or horizon-
tally, instead of upward as in other bryophytes (Schuster,
1992a, 1992b; Crum, 2001). Distribution of “shoot api-
cal meristems” with these non-negative gravitropic re-
sponses in liverworts on the recently reconstructed phy-
logeny (Forrest et al., 2006; Qiu et al., 2006; 2007)
suggests that either the negative gravitropic response
was lost once in the common ancestor of Blasia and the
complex thalloid liverworts and regained several times
later, or lost many times independently. Regardless of
the situation in this group of liverworts, the sporogo-
nia in all other liverworts, mosses, and hornworts do
grow upward, even in some leafy liverworts that pro-
duce an underground marsupium enclosing the sporo-
gonium (Schuster, 1966; Crum, 2001) and in Sphagnum
and Archidium, where the sporogonium lacks a seta and
shows minimal upward growth (Crum, 2001). Thus, it
is safe to say that while the “shoot apical meristem” in
bryophytes is on an evolutionary trajectory to become
a fully mature structure, it has not quite reached the on-
togenetic stage found in vascular plants (Graham et al.,
2000). Hence, it may be best not to equate the diploid
structure of bryophytes to the entire sporophyte of vas-
cular plants. This structure in bryophytes, especially
in liverworts and mosses, is merely a spore-producing
and dispersal organ, unlike the sporophyte of a vascular
plant, which carries out full-scale functions of a free-
living plant, includingwater and nutrient absorption and
conduction, photosynthesis, and reproduction.
4.3 Hornworts and the transition from gameto-
phyte to sporophyte as the dominant free-living gen-
eration
The diploid structure in hornworts is different from
its counterpart in liverworts and mosses in several as-
pects. First, in terms of its size relative to the gameto-
phyte, it is the largest among bryophytes, and the ra-
tio of sporophyte : gametophyte size reaches nearly 1:1
(Schuster, 1992b). Second, this structure is permanently
photosynthetic (Schuster, 1992b), and in fact there has
been a report of photosynthate transfer from the sporo-
phyte to the gametophyte (Stewart & Rodgers, 1977).
Somemosses have partially photosynthetic sporophytes
(Bold, 1940; Stark, 2002), but not to this extent. Third,
hornworts have the longest-lived sporophyte among
bryophytes, more than 9 months in one particular
case (Anthoceros fusiformis), and it was almost free-
living after the gametophytic tissues had collapsed
(Campbell, 1924). Fourth, hornworts and pteridophytes
both have stalkless archegonia sunken in gametophytes,
whereas liverworts and mosses have stalked archegonia
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positioned above the surface of gametophytes (Camp-
bell, 1895, 1903; Smith, 1955; Doyle, 2012). Amaz-
ingly, the type of sunken archegonia found in extant
hornworts and basal vascular plants have been observed
inDevonian polysporangiophyte fossils from theRhynie
Chert (Remy et al., 1993; Kenrick & Crane, 1997; Tay-
lor et al., 2005). Finally, hornworts and basal pteri-
dophytes such as lycophytes and eusporangiate ferns
have similar spore morphology (trilete spores) (Doyle,
2012) and possibly comparable conducting tissues in
the sporophytes (Campbell, 1924; Proskauer, 1960) (but
see a discussion on the topic elsewhere (He´bant, 1977)).
Some of these similarities may not be synapomorphic
for hornworts and vascular plants alone. For example,
trilete spores are found in basal moss lineages such
as Takakia (Renzaglia et al., 1997; Jia et al., 2003),
Sphagnum (Brown et al., 1982), and Andreaea (Brown
& Lemmon, 1984), in addition to hornworts and vascu-
lar plants (Gray, 1985; Kramer & Green, 1990; Tryon &
Lugardon, 1991; Schuster, 1992b; Taylor, 2003; Stee-
mans et al., 2009). A systematic and detailed survey
is perhaps needed using the newly available phylogeny
to re-evaluate the phylogenetic informativeness and the
level of homoplasy in these characters.
In light of the recent results of several compara-
tive structural studies (Frey et al., 2001; Carafa et al.,
2005) and molecular phylogenetic analyses (Samigullin
et al., 2002; Kelch et al., 2004; Groth-Malonek et al.,
2005; Wolf et al., 2005; Qiu et al., 2006), which sug-
gested that hornworts are the sister group of vascular
plants, the aforementioned characters highlight horn-
worts as a prime transitional group that bridges the gap
between other bryophytes and vascular plants. What
is particularly striking is that several of these charac-
ters are involved in making a nutritionally independent
sporophyte. Further, the sunken and stalkless archego-
nia in the completely thalloid gametophytes across the
entire hornwort clade, in contrast to their stalked coun-
terparts in liverworts and mosses, indicate gametophyte
reduction and internalization of fertilization. Hence, the
trends of life cycle evolution in land plants—sporophyte
elaboration and gametophyte reduction—clearly began
in hornworts, if not earlier, not in early vascular plants
as usually believed.
4.4 Isomorphic versus heteromorphic alternation
of generations and origin of the diplobiontic life cycle
in basal vascular plants
During the bryophyte–vascular plant transition,
one major change was the establishment of a free-
living sporophyte. As this sporophyte gained nutritional
and physiological independence, especially in produc-
ing a root system, the gametophyte initially remained
as a free-living organism. The extant bryophytes and
basal vascular plants show various life cycle condi-
tions that document this transition. However, one major
question has remained unanswered, namely, whether the
land plants that first established a free-living sporophyte
showed an isomorphic or heteromorphic alternation of
generations. The answer to this question may help us
to understand the environment in which vascular plants
originated, and perhaps the way the sporophyte gained
independence.
Gametophytes of all extant bryophytes, lyco-
phytes, and monilophytes show two fundamentally
different types of morphology: a thallus with little
tissue differentiation and organogenesis, or an axial
structure with “stem” and “leaf”, and usually “root”
development. It is based on this morphological criterion
that life cycles have been classified as having iso-
morphic or heteromorphic alternation of generations.
Very recently, a second criterion has been suggested,
size of the plant (Gerrienne & Gonez, 2011). As
discussed earlier in this report, size of the organism
is constrained by the ploidy level (Cavalier-Smith,
1978) and affects the adaptability of the organism
to different environmental conditions in terms of
nutrient (Lewis, 1985) and moisture (McManus & Qiu,
2010) availability. Indeed, the largest gametophytes
of land plants, those of Dawsonia and Fontinalis
(both mosses and the latter an aquatic plant), are only
about 65 and 100 cm tall (long), respectively. Hence,
we think that size is an important factor to consider
when comparing phenotypes of the two generations,
in addition to morphology. Further, the size argument
is supported by the fact that in organisms that show
truly isomorphic alternation of generations, such as
Ulva (green algae) and Polysiphonia (red algae), the
gametophyte and sporophyte are similar in both size
and morphology, and both generations live in the same
aquatic environment (Bold & Wynne, 1985). Using
these two criteria, some fossil taxa that were claimed
to have an isomorphic alternation of generations,
e.g., Lyonophyton–Aglaophyton, Kidstonophyton–
Nothia, and Langiophyton–Horneophyton (Remy
et al., 1993; Taylor et al., 2005), are now seen to
exhibit a heteromorphic alternation of generations,
because the size of the two generations is an order of
magnitude different in spite of the gametophyte being
axial (Gerrienne & Gonez, 2011). Moreover, extant
pteridophytes such as Lycopodiaceae, Psilotaceae,
Ophioglossaceae, and Stromatopteridaceae that have
an axial gametophyte (Kenrick & Crane, 1997) should
also be considered heteromorphic in their alternation
of generations in terms of both morphology and size.
From a broad comparative morphological perspective
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of charophytic algae, bryophytes and vascular plants,
it is perplexing that the axial body plan of plants has
figured so prominently in the study of alternation of
generations, because this type of body plan is present
in gametophytes of Charales, Haplomitrium (a member
of the basalmost liverwort lineage (Qiu et al., 2006;
Qiu et al., 2007)), leafy liverworts, and mosses. It
is likely that this body plan was established in the
common ancestor of Charales and land plants once the
gravitropic response had evolved (Qiu, 2008), even
though it is best developed in seed plants (Cooke et al.,
2004), as it allows plants to explore maximally the 3-D
space on land that is filled with carbon dioxide and
light.
From the above discussion, it is safe to say that
land plants lack any clearly documented example, ex-
tant or extinct, of plants with a truly isomorphic al-
ternation of generations, although the two generations
were more similar anatomically in some fossil polyspo-
rangiophytes than they are in any living groups, with
Sciadophyton awaiting further investigation (Kenrick,
1994, 2000). Occurrence of only a heteromorphic alter-
nation of generations in all land plants is consistent with
the ideas that the different generations occupy different
niches, allowing plants to adapt to the terrestrial envi-
ronment in a stepwise fashion (Stebbins & Hill, 1980;
Keddy, 1981), and that bryophytes and pteridophytes
represent transitional groups that are amphibious and
have not fully adapted to the terrestrial environment as
seed plants have (Bower, 1890).
4.5 Gametophyte reduction and evolution of the
highly developed sexual reproductive system in seed
plants
In the nearly century-long debate over the anti-
thetic and homologous hypotheses, the focus was placed
mostly on the origin and evolution of the sporophyte,
with less attention paid to the evolution of the game-
tophyte. Although elaboration of the sporophyte is a
fascinating evolutionary developmental story and many
innovations are recorded in fossils and extant plants
(Doyle, 2012), reduction of the gametophyte is equally
interesting, providing materials for understanding how
genetics, ontogeny, and environment interplayed to
shape diversity of the life cycle in land plants.
When plants first colonized land, the terrestrial en-
vironment was almost certainly a barren and harsh one,
with low levels of nutrients, poor water maintenance
capacity, high soil surface temperature, and little biotic
activity, and hence was uninhabitable for large multi-
cellular organisms (Schwartzman & Volk, 1989; Mora
et al., 1991; Algeo et al., 2001). As plants grew and
diversified, environmental conditions changed in terms
of soil nutrient levels and humus content (Schwartz-
man & Volk, 1989; Mora et al., 1991; Algeo et al.,
2001), atmospheric CO2 andO2 concentrations (Berner,
2001), and surface temperature (Schwartzman & Volk,
1989; Beerling et al., 2001), all of which could affect
the size, height, morphology, and physiology of plants.
From the discussion earlier in this report on environ-
ments in which different ploidy conditions are selected
(Cavalier-Smith, 1978; Lewis, 1985), it should not be
surprising to see that the haploid gametophyte genera-
tion is dominant in the life cycle of bryophytes, which
represent the first phase of land plant evolution (Gray,
1985, 1993; Edwards et al., 1995; Taylor, 1995; Strother
et al., 1996; Wellman et al., 2003). Further, modera-
tion of the terrestrial environment by plants and other
large multicellular eukaryotes, especially animals and
fungi, gradually selected plants that had an increasingly
larger proportion of the sporophyte generation in their
life cycle. Expansion of the sporophyte generation nat-
urally means that the relative share of the gametophyte
generation in the life cycle decreases, except in cases
where the gametophyte has acquired a new function and
hence its size increases, for example, the megagameto-
phyte in gymnosperms. Among the three extant lineages
of bryophytes, hornworts are now believed to be sister
to vascular plants. The stalkless archegonia sunken in
thalloid gametophytes of hornworts and pteridophytes
(Campbell, 1895, 1903; Smith, 1955; Gifford & Foster,
1989; Doyle, 2012) indicate that gametophyte reduc-
tion began at the bryophytic level (Smith, 1955), in
the common ancestor of hornworts and vascular plants,
and that sex organs were prime targets of selection,
as the gametophytes remained photosynthetic in most
pteridophytes.
It is well known that a major reduction of game-
tophyte, relative to the size of sporophyte, occurred in
the common ancestor of vascular plants as the sporo-
phyte became free-living (Gerrienne & Gonez, 2011).
However, the most dramatic reduction, in terms of
both relative and absolute size, happened when het-
erospory evolved in the line leading to seed plants,
with the exception of megagametophyte, the absolute
size of which increased relative to the size of ga-
metophyte in homosporous pteridophytes (see below).
Heterospory has been deemed to be “the most itera-
tive key innovation in the evolutionary history of the
plant kingdom,” as it evolved independently at least 11
times during vascular plant evolution (the condition of
spores with different sizes in the same sporangium in
bryophytes, anisospory, is not included here) (Bateman
& Dimichele, 1994). However, this trait can be dis-
sected into a series of more readily defined evolu-
tionary innovations: bimodality of spore size; dioicy;
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heterosporangy; endospory; monomegaspory; en-
domegasporangy; integumentation; lagenostomy; in
situ pollination; in situ fertilization; pollen tube forma-
tion; and siphonogamy. Seed plants have the most com-
plex kind of heterospory, with the last five innovations
confined to them (Bateman & Dimichele, 1994; Ken-
rick & Crane, 1997). It is important to note that several
of these innovations are conditioned upon gametophyte
reduction, at least for the male gametophyte: bimodal-
ity of spore size; endospory; endomegasporangy; in situ
pollination; and in situ fertilization (essentially internal
fertilization), as otherwise large gametophytes would
make these innovations physically difficult if not im-
possible.
There is one major exception in the trajectory of
gametophyte evolution/reduction in vascular plants: the
size of the gametophyte did not reduce, or even in-
creased, in the megagametophyte of non-angiosperm
seed plants. This exception is perhaps caused by the
newly acquired function of themegagametophyte: nour-
ishing the embryo, which, unlike in pteridophytes where
the embryo becomes free-living shortly after full devel-
opment, stays in the seed for quite some time. Hence,
in these plants, the megagametophyte was selected for
larger size while the microgametophyte reduction con-
tinued. Once the embryo-nourishing function was taken
over by the newly evolved triploid endosperm in an-
giosperms, the megagametophyte reduction took place.
The reason why the megagametophyte or triploid en-
dosperm was selected for nourishing the embryo is per-
haps related to the genetic compatibility between the
embryo and the nourishing tissue. The sporophytic tis-
sue from the previous generation is likely less compat-
ible with the new sporophyte (Haig & Westoby, 1989).
Recent reports of epigenetic reprogramming during ga-
metophyte development in angiosperms (Slotkin et al.,
2009; Feng et al., 2010; Olmedo-Monfil et al., 2010)
seem to support this view.
As can be seen from the diversity, biomass, and
ecological service of modern seed plants, the evo-
lutionary implications of heterospory are enormous,
and indeed much has been written about them (see
Bateman & Dimichele, 1994 and references therein).
Here we will discuss only one set of aspects that have
been relatively neglected in literature: meiosis, fertiliza-
tion, and bimodality of spore and gamete number.
In the eukaryotic sexual reproductive system,
two fundamental processes are meiosis and fertiliza-
tion/syngamy. Meiosis is the step where mutations can
arise through DNA replication errors, and much of the
potential genetic diversity within a species is realized
through recombination and independent assortment.
Fertilization can also realize some of the genetic di-
versity within a species through random or non-random
(selective outcrossing) union of gametes. It is also a crit-
ical step that determines the quality of the zygote and
its immediate growth. In protists and many basal lin-
eages of plants, animals, and fungi, the division of labor
for reproduction is less pronounced. Hence the sex ex-
pression system is not very well developed. Bryophytes
are almost always homosporous (in size and morphol-
ogy), even when spores of two sexes, determined by sex
chromosomes, are produced within a single sporangium
(Smith, 1955; Tanurdzic & Banks, 2004). Most pteri-
dophytes are homosporous with hormone-regulated sex
differentiation (Tanurdzic & Banks, 2004). Some pteri-
dophytes are heterosporous, but they do not show all the
aspects of heterospory that are seen in seed plants.
Heterospory in seed plants represents one of the
most developed sexual reproductive systems in eukary-
otes, which is reflected by the degree of specialization
of the male and female sexes in carrying out their re-
spective roles in realizing the benefits of meiosis and
fertilization. In the microsporangium, there are a large
number of meiocytes, and the long- and short-term
benefits of meiosis are realized in the form of muta-
tions through DNA replication errors and recombina-
tion/independent assortment. In the megasporangium,
only a single meiocyte undergoes meiosis, producing a
single megagametophyte with three other megaspores
aborted. This extreme reduction in megaspore number,
not megagametophyte size, on the female side allows
nourishment of one to several eggs (one in each archego-
nium), whose size is large and quality presumably high.
In angiosperms, the reduction of female gametophyte
is even more extreme, with only four to eight nuclei
(Gifford & Foster, 1989; Friedman & Williams, 2003)
(Fig. 2). Given that double fertilization in angiosperms
involves two or three nuclei, one egg and one or two
polar nuclei, there is not much room for further reduc-
tion in evolution. This situation approaches the haploid
phase reduction on the female side in humans and other
animals, with just one cell (egg), which is all that is
needed for sexual reproduction. Also in angiosperms,
enclosure of ovules inside an ovary allows evolution
of stigmatic germination of pollen and pollen selection
through stigma/style regulated self-incompatibility and
exclusion of pollen from related diverged species (Doyle
& Donoghue, 1986; Takayama & Isogai, 2005). In addi-
tion, double fertilization leads to production of a geneti-
cally compatible but meiotically handicapped (triploid)
and hence evolutionarily disadvantageous endosperm to
provide a specialized function of nourishing the zygote
(Haig & Westoby, 1989; Friedman, 1995; Stewart-Cox
et al., 2004). Both of these processes provide opportuni-
ties for enhancing the role of the female in realizing the
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Fig. 3. Schematic diagram depicting the life cycle of sexually reproducing land plants. The filled gray cells are diploid and the open cells are haploid.
Sex differentiation can occur during gametangium formation (in homothallic bryophytes and homosporous pteridophytes) (A type), meiosis (within
a sporangium of heterothallic bryophytes with sex chromosomes) (B type), mega- and microsporogium formation (at the tissue/organ level among
sporangia on an individual of seed plants without sex chromosomes and heterosporous pteridophytes) (C type), or fertilization (at the organismal level
among individuals of dioecious seed plants with sex chromosomes) (D type sex determination).
benefits of fertilization, promoting outcrossing, setting
up an arena for pollen/sperm competition, and ensur-
ing the best care of the embryo. We wish to emphasize
that the highly developed sexual reproduction system in
seed plants and especially in angiosperms could not have
evolved unless the gametophyte was reduced, because
otherwise endospory could not evolve, there would not
be sufficient resources to produce a large number of
1000s–10000s-celled gametophytes within a single spo-
rangium, and in situ pollination and fertilization could
not evolve. Finally, it is worth noting that in seed plants
both micro- and megagametophytes are so reduced that
they have ceased to carry out photosynthesis as do ga-
metophytes in most pteridophytes, and that their main
functions are to carry genetic information inside their
cells and to store nutrients for the next generation of
sporophytes in the case of megagametophytes.
The eukaryotic sexual reproductive system has
some evolutionarily ancient components that are likely
shared by almost all eukaryotes, such as meiosis and
syngamy, and some young components that evolved in-
dependently in individual lineages, for example, sex
chromosomes or other sex-determining mechanisms
(Maynard Smith & Szathmary, 1995). Hence, it may
help to understand how the heterospory-mediated sex
expression system in plants evolved by comparing it
with the similarly highly developed sex expression sys-
tem inmammals, and looking at it from a broad perspec-
tive of life cycle and reproductive strategy evolution in
terrestrial multicellular eukaryotes in general. In ani-
mals, sex chromosomes evolved many times indepen-
dently, but in mammals only twice, once in monotremes
and the other in the common ancestor of marsupial and
placental mammals (Wilson & Makova, 2009). It is the
X–Y sex chromosome-controlled sex expression system
in marsupial and placental mammals that shows some
similarities with the heterospory-mediated sex expres-
sion system in seed plants. In both cases, a mutational
step has been inserted in the life cycle before meiocyte
formation to developmentally alter the number of meio-
cytes (similar to C and D types of sex expression in
Fig. 3). Consequently, in mammals, the male and the
female have dramatically different meiocyte numbers,
with the ratio of sperm/egg reaching 5× 106 in humans
(Campbell & Reece, 2002) (this ratio could be 1000
times higher as the 400 000 potential egg cells in the
female infant, not the several hundred eggs released dur-
ing a woman’s reproductive years, were considered here
in calculation). This asymmetry in meiocyte number
between the male and the female is probably respon-
sible for a phenomenon dubbed male-driven evolution
in mammals, as the rates of mutations in these animals
seem to be dictated by those on the male side (Miyata
et al., 1987; Li et al., 2002). However, we wish to point
out that, as in seed plants, the female in mammals plays
a role in selection of the egg and nourishment of the zy-
gote, both processes being responsible for selection of
mutations to be fixed. Hence the male-driven evolution
hypothesis is inaccurate and should be modified as the
male-driven mutation and the female-dictated selection
hypothesis.
Heterospory in seed plants actually represents a
type of sexual dimorphism that is determined by sex
chromosomes, hormones, or environmental cues. The
sex difference is manifested at the individual diploid
level only when there are sex chromosomes (D type sex
differentiation in Fig. 3). In most seed plants, however,
there are no sex chromosomes and sex expression is
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regulated at the tissue/organ level (C type in Fig. 3).
Only in organisms with these two types of sex determi-
nation is it possible to regulatemeiocyte number to allow
division of labor for reproduction to develop. In organ-
isms with sex differentiation occurring during meiosis
or gametangium formation (A and B types in Fig. 3), it
is developmentally too late to change meiocyte number
in the different sexes. It is no coincidence that these two
latter types are found in early land plants, bryophytes
and pteridophytes, and the former two types are pre-
dominant in seed plants. The similarity between the seed
plant and mammal reproductive strategies in having a
large number ofmalemeiocytes but a very small number
of female meiocytes developed this way independently
by moving the sex determination steps closer to the fer-
tilization event that conceived the diploid individual. For
organisms that have sex determination during or after
meiosis, it is impossible to allow this specialization. At
present, not enough is known about sex determination in
angiosperms (Tanurdzic & Banks, 2004) and virtually
no attention has been paid to the origin of heterospory in
seed plants in the plant evo-devo community. Research
on MADS box genes may shed light on this question
if sufficient work is carried out on extant gymnosperms
and pteridophytes that show some kind of heterospory,
such as Selaginella, Isoetes, and water ferns (Theissen
et al., 2000).
The reduction of the gametophyte in land plants
left the haploid generation constrained to a solely sex-
ual function, which is well suited to the physiology
and genetic dynamics of this generation. As a re-
sult, seed plants, and angiosperms in particular, were
able to achieve very sophisticated heterosporous re-
productive systems. As the gametophyte was being
reduced to its smallest useful form in land plants,
the sporophyte generation was optimized to a role
that best fits the constraints and strengths inherent in
diploid physiology, using its larger size and advantages
in interspecific interactions, metabolism, and resisting
mutagenicity to navigate the terrestrial environment
and provide the nutrients and energy the gametophyte
needed.
4.6 Sporophyte elaboration and evolution of
sporangium-bearing structures
The sporophyte generation is ontogenetically de-
fined by fertilization and meiosis (sporogenesis). It does
not exist in Charales and other charophytic algae that are
known to have sexual reproduction, because the zygote
never divides mitotically before it goes through meio-
sis (Graham, 1993; van den Hoek et al., 1995) (Fig. 2).
In land plants, this generation arises as a result of de-
lay of meiosis (Bower, 1908), but with developmental
programs of varying length producing diploid struc-
tures with different sizes and morphologies in different
lineages. The overall trend of sporophyte evolution is
the steady increase of size and tissue/organ complex-
ity, even though there are many cases of secondary re-
duction in size and complexity (Fig. 2). Most past and
present morphological and developmental studies have
devoted much attention to root, leaf, seed, flower, and
other organs of the sporophyte. In this review, we will
focus on the sporangium and the sporangium-bearing
structures. The sporangium as an organ evolved de novo
at the beginning of land plant evolution, and in fact has
been preserved in some of the earliest fossil records of
land plants (Wellman et al., 2003). In liverworts,mosses,
and hornworts, the sporophyte generation is manifested
in the form of a sporogonium, a spore-producing and
-dispersing organ of the plant. Across land plants, the
sporangium is the only organ of the sporophyte that is
common to all lineages, and it is defined by a mass of
sporogenous tissue and a protective layer (Bower, 1908).
It can be regarded as another major synapomorphy of
embryophytes (Parenti, 1980) after the embryo (Mishler
& Churchill, 1984).
In all three bryophyte lineages, only one spo-
rangium is produced in the sporophyte generation, and
there are multiple sporangia on each gametophyte as
a result of multiple independent fertilization events.
Adaptation-wise, thismorphological form is clearly pre-
ferred over the form of one gametophyte nutritionally
supporting a single sporophyte with multiple sporan-
gia, as several sperms, likely of different genetic make-
ups, are involved in fertilizing the genetically identical
eggs (Renzaglia et al., 2000). It has been suggested
that the sporophyte development in bryophytes is onto-
genetically arrested at the sporogonium stage (Kato &
Akiyama, 2005), and there seems to be some support
from a developmental study of moss Physcomitrella
patens, in which mutants with double sporangia on a
sporophyte were generated and no organ beyond the
sporangium and seta developed (Tanahashi et al., 2005),
similar to the situation that has been found in nature
(Bower, 1935). In hornworts the sporophytic develop-
mental program may be slightly extended (Campbell,
1924). Because the polysporangiate state represents a
clearly derived condition during the bryophyte–vascular
plant transition, there has long been an interest in under-
standing how it arose (Bower, 1908; Kenrick & Crane,
1997). Among extant plants, there seems to be a large
gap between the unisporangiate leafless sporophyte of
bryophytes, which is nourished by the gametophyte,
and the polysporangiate sporophyte of vascular plants,
which is nutritionally supported by leaves (Psilotum and
Equisetum represent a secondarily derived condition of
C© 2012 Institute of Botany, Chinese Academy of Sciences
186 Journal of Systematics and Evolution Vol. 50 No. 3 2012
having photosynthetic stems and no or reduced leaves).
Interestingly, this gap is filled by extinct Devonian taxa
such as Aglaophyton, Cooksonia, Horneophyton, and
Rhynia, which all have small (15–20 cm tall) and leaf-
less polysporangiate sporophytes (Bower, 1935; Ken-
rick & Crane, 1997; Taylor et al., 2005; Gerrienne
et al., 2006; Gerrienne & Gonez, 2011), nutritionally
supported by the gametophyte (Boyce, 2008) or photo-
synthetic axes/sporangium stalks (Gensel, 2008). It may
be speculated that these plants were once the fittest in
an environment that was unfavorable for existence of
leaves because of higher atmospheric CO2 concentra-
tion, higher surface temperature (Beerling et al., 2001),
and less water-holding soil, and that as environmental
conditions changed (Schwartzman&Volk, 1989; Algeo
et al., 2001; Berner, 2001), sporophytic leaves (with a
large number of stomata) evolved and new taxa drove
older leafless forms into extinction.
In extant vascular plants, sporangia are always leaf-
borne, sometimes with stalks and other times sessile
(Gifford & Foster, 1989). Further, the number of spo-
rangia per sporophyte increases from one to many. As
discussed above, there was a phase in the bryophyte–
vascular plant transition that is represented by extinct
stem-borne polysporangiate plants. Hence, how leaves
evolved and sporangia changed from branch- to leaf-
borne can probably only be studied by considering both
extinct plants such as Cooksonia and Rhynia and extant
lycophytes and basal euphyllophytes. Once leaf-borne
sporangia evolved, some plants stayed at this level of
sporangium-bearing architecture (e.g., some lycophytes
and all monilophytes), and others evolved another
level of more complex sporangium-bearing structures,
strobili (e.g., some lycophytes, Equisetum, and seed
plants).
The final step in evolution of sporangium-bearing
structures took place during the origin of angiosperms,
when sporophylls becamemore specialized in morphol-
ogy, ovules were covered by sporophyll tissue, and ster-
ile largely non-photosynthetic leaves (sepals and petals)
evolved so that outcrossing could be maximized (Doyle
& Donoghue, 1986; Takayama & Isogai, 2005). When
considered jointlywith the previous section, it can be ap-
preciated that sporophyte elaboration proceeded along
with gametophyte reduction, which together resulted in
evolution of one of the most sophisticated reproductive
systems in eukaryotes.
One aspect of sporophyte evolution that has re-
ceived surprisingly little attention in recent literature is
the number of sporocytes per sporangium. This num-
ber equals the number of meiotic events within each
sporangium. When the number of sporangia produced
by each zygote is considered, it can help shed light on
two important evolutionary aspects of a species, the
long-term evolutionary rate and the short-term abil-
ity of organisms to realize the potential genetic di-
versity of the species. In this review, we found that
the sporocyte number per sporangium varies surpris-
ingly little among major lineages of land plants (Fig. 2).
As soon as the sporangium originated at the beginning
of land plant evolution, it reached its maximal spore-
producing capacity, as can be seen from the range of
sporocyte number per sporangium in liverworts and
mosses. In fact, the lower end of the range in liv-
erworts and mosses, found in Riccia gougetiana and
Archidium alternifolium, with only 192 and 16 sporo-
cytes, respectively (Kreulen, 1972; Longton&Schuster,
1983), approaches the value reached bymegasporocytes
when heterospory evolved and megasporocyte number
dramatically decreased, as in Isoetes, with only ap-
proximately 50 megasporocytes (Smith, 1900), and Se-
laginella, with one to several megasporocytes (Gifford
& Foster, 1989; Schulz et al., 2010). Not surprisingly,
the size of spores in R. gougetiana and A. alternifolium
almost reaches that of Isoetes and Selaginella megas-
pores (Tryon & Lugardon, 1991). This might indicate
that the genes controlling sporocyte number reduction
during the origin of heterospory in vascular plants were
already present in bryophytes. On the other hand, despite
stagnation of the maximal sporocyte number per spo-
rangium throughout land plant evolution, the number
of sporocytes per zygote/sporophyte increased steadily
because sporophyte size and longevity increased, with
the exception of secondary reduction of these two fea-
tures in herbaceous angiosperms (Fig. 2). This trend
could suggest that evolutionary rate increased as land
plants evolved, as replication errors that arose during
premeiotic DNA synthesis were the main source of mu-
tations, which has been deemed to be the fundamental
driving force of evolution (Morgan, 1932; Nei, 2007).
In addition, increase of both genome size (Leitch et al.,
2005) andmeiotic events per zygote/sporophyte allowed
plants to produce more genetically diverse offspring
as land plants evolved, providing more raw material
in each generation for natural selection and contribut-
ing to fixation of better mutations. The argument that
bryophytes have more sporangia produced with differ-
ent sperm donors on each plant (Renzaglia et al., 2000)
does not help much here because the small genome size
imposes a significant limit on the diversity of spores
that can be produced during meiosis. Therefore, in-
crease of the sporocyte number per zygote/sporophyte
during land plant evolution is an important mechanism
that might have affected the long- and short-term evo-
lutionary dynamics as these organisms adapted to the
terrestrial environment.
C© 2012 Institute of Botany, Chinese Academy of Sciences
QIU et al.: Plant life cycle evolution 187
5 Future prospects
After a hiatus of more than 50 years, the life cycle
is coming back to the forefront of research in plant and
evolutionary biology. In particular, progress made over
the past several decades in understanding land plant phy-
logeny provides an opportunity to examine macroevo-
lutionary trends of plant diversification. The questions
asked by classical biologists about pattern and devel-
opmental mechanisms of the life cycle (Cˇelakovsky,
1874;Campbell, 1895;Bower, 1908, 1935; Smith, 1955;
Bonner, 1965) can now be approached experimentally
by comparative genomics and evolutionary develop-
mental biology. Further, evolutionary ecology and pa-
leobotany will provide the necessary knowledge on en-
vironmental changes to help understand how the drama
of life cycle evolution unfolded over the past several
hundred million years.
One area of research that is lacking is characteriza-
tion of basic life history traits and strategies in different
major clades of land plants. We attempted to examine
the evolutionary trend in sporocyte number per spo-
rangium and per zygote in this review (Fig. 2). The
information was surprisingly scarce, and many studies
were carried out over a century ago. As the overall phy-
logeny of land plants is relativelywell known (Raubeson
& Jansen, 1992; Bowe et al., 2000; Chaw et al., 2000;
Goffinet et al., 2001; Pryer et al., 2001;He-Nygren et al.,
2004; Heinrichs et al., 2005; Forrest et al., 2006; Qiu
et al., 2006, 2010; Duff et al., 2007; Cox et al., 2010;
Soltis et al., 2011), if a small to moderate number of
species are investigated in each clade, ancestral and de-
rived conditions in key life history characters, and the
number of secondary reversals and independent origins
can be relatively easily determined. Tracing the life cy-
cle systematically across major lineages of land plants
reveals the following list of characters or processes
that are presumably homologous and deserve to be
investigated.
Starting from fertilization, the egg:sperm ratio
is likely to change going from water-dependent to
water-independent fertilization, from homospory to het-
erospory, fromwind to insect pollination, and from self-
ing to outcrossing. Second, embryo development may
change when it is supported by a free-living gameto-
phyte, a gametophyte matrotrophic on a sporophyte, or
an angiosperm endosperm. Third, the timing of meio-
sis and the number of meiocytes per sporangium and
per zygote clearly vary from lineage to lineage. The
meiocyte number per zygote is an especially interest-
ing character, as it may be partly responsible for de-
termining evolutionary rate of a species. Thus far, the
generation time of a species has been shown to be a
main life history character that affects evolutionary rate
(Laird et al., 1969; Li, 1997; Smith &Donoghue, 2008),
yet the well-known conflicts between fossil and molec-
ular dating analyses suggest that not all factors con-
trolling the rate have been understood. Fourth, develop-
ment of the gametophyte differs significantly between
the free-living gametophyte of bryophytes and pterido-
phytes and the matrotrophic one in seed plants. This is
one of the most fascinating aspects of plant develop-
ment, and it cannot be studied in most other eukaryotic
model organisms. This subject has received some at-
tention recently from developmental biologists working
on flowering plants (Slotkin et al., 2009; Feng et al.,
2010; Olmedo-Monfil et al., 2010), but comparative in-
formation from non-flowering plants is urgently needed.
Finally, gametogenesis differs in water-dependent ex-
ternal fertilization and pollen tube-mediated internal
fertilization.
The second area that is likely to see breakthroughs
in the next decade and to enhance our understanding
of the development and evolution of the land plant life
cycle is evolutionary developmental studies of various
genes regulating the timing of meiosis and gameto-
phyte/gamete development. One gene, mei2, has been
shown in Schizosaccharomyces pombe to play an essen-
tial role in premeiotic DNA synthesis and the commit-
ment to meiosis (Iino & Yamamoto, 1985; Watanabe &
Yamamoto, 1994). Homologs of this gene exist in green
algae and land plants (Jeffares et al., 2004), where they
have experienced a few duplications events (Xue J-Y &
Qiu Y-L, 2011, unpublished data). One subfamily of this
gene has been shown to be involved in cell differentia-
tion, expressed in shoot and root meristems rather than
in cells undergoing meiosis (Veit et al., 1998; Jeffares
et al., 2004). Another subfamily plays a role in the veg-
etative meristem and also in meiocytes of Arabidopsis
thaliana (Kaur et al., 2006).
The development of the gametophyte and gametes,
on the other hand, has most recently been shown to be
controlled not just by regular genes, but also by epi-
genetic reprogramming. In angiosperms, for both male
and female gamete development, associated cells or nu-
clei play an important role in supplying small RNAs for
transposon silencing in the gametes, for which genome
integrity without rampant transpositions of transposons
seems to be essential during development and fertiliza-
tion (Slotkin et al., 2009; Feng et al., 2010; Olmedo-
Monfil et al., 2010). Because gametophytes in gym-
nosperms, pteridophytes, and bryophytes are generally
larger and show higher levels of cell and tissue differ-
entiation, how epigenetic reprogramming takes place
during gametogenesis is currently unknown and will be
a fertile area for exploration.
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The third area to explore is synthetic evolution-
ary analyses of plant life cycle diversification patterns
through combined studies in evolutionary ecology, de-
velopmental genetics, and phylogenetics. Two specific
subfields of ecology could guide these analyses. One
is ecosystem ecology, which explicitly divides inter-
actions between organisms and their biotic and abi-
otic environments into nutrient cycling and energy flow
(Lindeman, 1942; Odum, 1969, 1988; Odum& Barrett,
2005). Ecosystem analyses usually focus on metabolic
aspects of organisms and their interactionswith the envi-
ronment in one time slice. If these analyses are extended
from the present to the past, consideration of informa-
tion flow, specifically genetic information, becomes nec-
essary. Availability of reconstructed organismal phylo-
genies now renders this kind of analysis possible. The
life cycle and its various parameters, such as time of
meiosis initiation, meiocyte number, and egg:sperm
ratio, deserve special attention in such comparative
analyses.
The study of phylogenetic niche conservatism
(Wiens, 2004; Losos, 2008) is another subfield that
could facilitate growth of synthetic evolutionary stud-
ies of the life cycle. In pre-cladistic times, botanists
often engaged in holistic thinking about plant evo-
lution and interaction between plants and their envi-
ronment (Cˇelakovsky, 1874; Campbell, 1903; Bower,
1908, 1935; Svedelius, 1927; Smith, 1955; Schuster,
1981). With some key evolutionary concepts clarified
by cladistics, it is perhaps time to carry out evolu-
tionary analysis by considering both clades and grades.
Hence, it will be desirable to define evolutionary niches
of various clades of charophytic algae and land plants
and also to consider levels of phylogenetic niche con-
servatism within and across these clades. Specifically,
clades within three grades need be considered: charo-
phytic algae in a fundamentally aquatic environment;
bryophytes and perhaps pteridophytes in a wet terres-
trial and generally nutrient-poor environment; and seed
plants in a dry and more nutrient-rich environment. The
following aspects need to be considered when an evolu-
tionary niche is defined: carbon-fixing rate (C3, C4, or
CAM photosynthesis); nutrient-cycling rate (substrate
type); ratio of photosynthetic area:total surface area of
the plant (Beerling et al., 2001); rate of litter decay
(Cornwell et al., 2008); genome size (gene repertoire)
(Leitch et al., 2005); ploidy level of the free-living phase
of the organism (Cavalier-Smith, 1978); meiocyte num-
ber; egg:sperm ratio; and mating strategy. The study of
evolutionary niches for organisms and lineages is likely
to bring organismal biology to the forefront of biology
again after a century of biological research dominated
by reductionistic approaches.
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